The effect of compressor speed, initial refrigerant charge and volume concentrations of SiO 2 /PAG nanolubricant on the performance of automotive air-conditioning (AAC) system are investigated in this study. Response surface method (RSM) was used in designing the experimental work and is based on face composite design. The developed quadratic models from RSM were helpful to envisage the response parameters namely heat absorbs, compressor works, and coefficient of performance (COP) to identify the significant relations between the input factors and the responses. The results depicted that adding SiO 2 nanoparticle into PAG lubricant will enhance the COP of AAC. Optimization of independent variables was performed using the desirability approach of the RSM with the goal of maximizing the heat absorb and COP, consequently, minimizing the compressor work. The results revealed that the optimal condition with a high desirability of 73.4% for the compressor speed of 900 rpm, refrigerant charge of 95 g and volume concentration of 0.07%. At this condition, the AAC system operated with 193.99, 23.28 kJ kg -1 and 8.27, respectively, for heat absorb, compressor work and COP. DoE based on RSM was capable of optimizing the significant parameters which affect AAC performance. 
Introduction
Although air-conditioning is one of the auxiliary components in an automotive system, it has become a necessary part of providing thermal relieve inside car passengers' compartment, particularly, in nations experiencing hot and humid atmospheres. On the other hand, the compressor of air-conditioning becomes a singular major auxiliary load on an automotive engine. The additional load engaged by compressor will cause a reduction in efficiency, increase in fuel consumption and release of greenhouse gases. The consequences of employing air-conditioning systems in terms of energy reduction and other refrigerant restraint have forced scholars to consider new ways and technologies to improve its efficiency [1] . One of the recent techniques to increase the efficiency of automotive airconditioning (AAC) is by introducing nanoparticles into the system. The nanoparticle was dispersed directly into a refrigerant base to form nanorefrigerant or into a refrigerant lubricant to create nanolubricants. Redhwan et al. [2] thoroughly reviewed the development of nanorefrigerant and nanolubricant for different refrigerant bases and performance improvement. In another paper, Azmi et al. [3] summarized the potential of nanorefrigerant and nanolubricant on energy saving in a refrigeration system. Nanorefrigerant researchers have focused their effort on improving the refrigeration performance in domestic refrigerators [4, 5] resident air-conditioning (RAC) system [6] and vapor compression refrigeration (VCR) system [7] . The researchers concluded that the addition of nanoparticles in the refrigeration system reduces the energy consumption up to 26% [5] , increase its coefficient of performance (COP) up to 33% [8] and cooling of energy efficiency ratio (EER) up to 6% [6] . In addition, Nair et al. [9] emphasized that employing nanoparticle into the refrigerant base will enhance the efficiency of compressor power, hence, reduce the energy consumption of refrigeration system. Sabareesh et al. [10] have studied the effect of operating parameters by utilizing an individual approach. The previous research by Frey and Wang [11] of altering a control factor for one time which fit well only in specific conditions should not be considered in the present study. This is due to the performance of AAC since it is influenced by the collective effect of various parameters such as compressor speed, refrigerant charge, concentration of nanolubricant and other factors. Hence, an organized multifactor analysis could offer a comprehensible and detailed understanding of the performance characteristics of the AAC system in comparison with an individual approach. In such multifactor problems, the employment of nonlinear method such as Design of Experiments (DoE) is appropriate to investigate the interaction effects of experiment variables. DoE is regarded as one of the most efficient and cost-effective methods to assess the individual and collective effects of experiment factors on output responses [12] . Several techniques, for instance, factorial design, Taguchi method, and response surface method could be employed for planning the experiments.
In the present paper, response surface methodology (RSM) is employed to investigate the influence of input factors on the response parameters. RSM is a compilation of mathematical and statistical techniques which was employed to ascertain a mathematical representation between factors and responses, and identify the cause of factors affecting a response in a specific process [13] . RSM is also renowned as a practical technique to analyze engineering problems based on both modeling and optimizing the response surface which is affected by the experiments inputs [14] . As the key benefit, the use of RSM in designing the experiment entailed lesser tests and less timeconsuming as compared to the full factorial design experimentation. Much of the computation resources are reduced. Consequently, the time needed to resolve the objective problem could be minimized by using RSM. While Taguchi's method is tool for robust design, it offers a simple and systematic approach to optimize design for performance, quality and cost. Taguchi designs help determining, the parameter settings for experiments that give optimal settings. However, this optimal setting value depends on the number of experiment, since experimentation itself involves great cost. RSM on the other hand/-could achieve closer to global optimum with lesser of experiment.
The works related to the application of RSM in the evaluation of the performance of refrigeration system were limited in the literature. One of the recent papers was presented by Costa and Garcia [15] . They used RSM in optimizing the efficiency of a refrigeration cycle demonstration unit using a multi-response optimization method. In their work, Costa and Garcia [15] considered experimental variable parameters such as evaporator temperature, condenser temperature, condenser mass flow rate and evaporator mass flow rate. Statistically designed experiments were carried out to concurrently maximize the refrigeration effect and minimize energy consumption of a compression refrigeration cycle (CR). However, the employment of RSM techniques in AAC system by using nanolubricant is yet to be explored further.
Hence, the present study utilizes RSM approach to investigate the influence of compressor speed, refrigerant charge and volume concentration on the AAC performance operated with SiO 2 /PAG nanolubricants. Design Expert software is used in the present analysis and the experiments are planned using face-centered design (FCD) procedure. Based on the FCD, 20 experiments were conducted. The heat absorb (Q L ), compressor work (W in ) and coefficient of performance (COP) are used as the response factors in the RSM evaluation.
Methodology
The response surface method (RSM) and desirability approach in achieving the optimal performance are deliberately explained in this section. Prior to that, the preparation and stability of SiO 2 /PAG nanolubricants is briefly discussed. The experimental setup of AAC system was designed and developed for the performance analysis of SiO 2 /PAG nanolubricants in the previous study [16, 17] . For further evaluation, the experimental data presented by Sharif et al. [16] are used in the present study.
Material and Formulation of SiO 2 /PAG Nanolubricant
In the present study, SiO 2 (amorphous) nanoparticles with 99.9% purity with an average size of 30 nm were used and procured. Field emission scanning electron microscopy (FESEM) micrograph is used in attaining the morphology, size and characterization of SiO 2 nanoparticles. Figure 1a depicted the magnification of 200,0009 FESEM image. Figure 1a shows that the nanoparticles are approximately 30 nm in size and the shape is observed to be in spherical shapes. Polyalkylene glycol (PAG) is used as the AAC lubricant. PAG lubricant demonstrates better tribology performance over mineral oils when run together with hydrofluorocarbon (HFC) refrigerant. PAG show little solubility in the gaseous refrigerant and offer excellent lubrication at elevated temperatures and pressures. Further, the compatibility characteristic of PAG with most of the elastomers, this lubricant has been favorably chosen to be used in the automotive air-conditioning (AAC) system [18] . Further properties of SiO 2 nanoparticle and PAG lubricant are depicted in Table 1 .
SiO 2 /PAG nanolubricant was then to be produced by the two-step method process as recommended by Yu and Xie [19] . No surfactant was introduced throughout the preparation process of the nanolubricants. The same approach was done in preparing their nanolubricant [16, [20] [21] [22] [23] [24] [25] [26] [27] . Then, stability analyses are done by visual sedimentation and UV-Vis spectrophotometer [16] . Figure 2 depicted the visual sedimentation test of 0.2-1.0% volume concentration SiO 2 /PAG. Dispersion stability was observed visually and compared between samples after preparation ( Fig. 2a) and after a month of preparation (Fig. 2b) . It is found that very minimum sedimentations occurred in the samples through that observation. The outcome of the visual sedimentation was then validated by the UV-Vis spectrophotometer data. UV-Vis spectrophotometer absorbance measurement is a significant technique to evaluate the nanoparticle dispersion in lubricant in terms of colloidal Pour point/°C --51
Application of response surface methodology in optimization of automotive air-conditioning… 1271 stability [19] . The result of the SiO 2 /PAG nanolubricant for 2 h sonication is depicted in Fig. 3 . From the graph, it shows that the SiO 2 /PAG nanolubricant is stay stable up to 80% event after 2 weeks. Complementary, transmission electron microscopy (TEM) investigation was carried out to verify the state of SiO2 nanoparticle dispersion and agglomeration in the lubricants. Figure 1b shows the TEM photo of SiO2 nanoparticles dispersed in the PAG lubricant for magnification of 88,0009. Critical observation on the TEM photo, the SiO 2 nanoparticle is well dispersed in the PAG lubricant. Nevertheless, small portion of agglomeration and minimum clustering of SiO 2 nanoparticles are observed in the PAG lubricant as depicted in Fig. 1b .
Experimental design employing RSM
Three experiment variables in the present study including the compressor speed, refrigerant charge, and volume concentration of SiO 2 /PAG nanolubricant were regarded as effective factors on the heat absorb (Q L ), compressor work (W in ) and coefficient of performance (COP) as responses.
Designs that can fit model must have at least three different levels in each factor. This is fulfilled by central composite designs (CCD) which has three levels per variable. Since the region of concern and area of operability is almost identical, the face-centered design (FCD) which consider the eight corners of the cube are centered and scaled to (? 1, ? 1, ? 1) and a = 1. FCD was engaged for the present study to attain the experimental data, which would suit full second-order polynomial models representing the response surfaces above a comparatively wide range of parameters. In CCD, the number of experiment point is determined by using Eq. (1) .
where N is the number of running test of experiment, n is the number of factors and n 0 is the number of central points. In Eq. (1), the ''2 n '' term is identified as factorial experiment points. These points permit apparent approximates of all major causes and 2-factors interrelations. Meanwhile, ''2n'' term is known as axial points which permit the pure quadratic effects estimations. Finally, ''n 0 '' represents the center point and can be designed to be run simultaneously both as axial and factorial points.
Every variable was categorized into three levels: the high level (? 1), the low level (-1), the center points (coded level as 0). In the recent study, FCD with three factors was noted to have a total of 20 runs of experiments which consist of eight factorial points, six axial points, and six central points. It was employed to evaluate the data attained from the experimental work. The maximum and minimum values of speed, refrigerant charge and volume concentration were considered and the full experimental plan with coded and actual value is shown in Table 2 . A multiple regression analysis was employed to attain the coefficients. In RSM method, a model is determined for each dependent variable that represents the main and interaction effects of factors on each variable separately [28] . The multivariate model can be written as [28] . where b 0 is the intercept, b i is the linear regression coefficient of the ith factor, b ii is the quadratic regression coefficients of the ith factor, b ij is the interaction of the ith and jth factors, and Z is the dependent variable [28, 29] . Later, the equations were used to envisage the responses. The correlation between the factors and responses was attained by applying a statistically significant model.
Desirability approach
The realistic issues situations entailed optimization with varying responses of concerns. Constrained optimization problems, overlaying the contour plots for each response and desirability approach are being employed. Desirability approach is a preferred choice among optimization methods since it has beneficial characteristic such as unfussiness, accessibility in the software, suppleness in weighting and giving importance ranking for individual response [14] . The same approach was also done by Khoobbakht et al. [30] . The researcher specifies the maximum, minimum, and/or preferred values acceptable for each of the original fitted response functions together with the weights that govern the rate at which the desirability of a function increases or decreases over the range of acceptable values. This method transforms each of the fitted functions into a desirability value and then the desirability values for each response are combined using the geometric mean into a single objective to be optimized. Therefore, the present research work employed desirability approach in optimizing experiment variables, namely, compressor speed, refrigerant charge and volume concentration for the response properties of heat absorb, compressor work and COP. The optimization step was done using Design Expert software where each response is changed to a dimensionless desirability value in the range between 0 and 1. The dimensionless value of d = 0 suggested that the response is totally unacceptable while d = 1 suggests that the response is most desirable. In the present study, each response has its own goal, either to maximize or minimize. The response desirability is then collectively combined using the geometric approach which eventually presents the total general desirability, D. Desirability approach proposed by Derringer and Suich [31] can be summarized in mathematical form as shown in Eq. (3). Normal % probability
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The D i ranges from 0 to 1 (least to most desirable, respectively), represents the desirability of each (i) response, and n is the number of responses being optimized.
Results, analysis, and discussion

Experimental results
In the present study, the experimental run was conducted using face-centered design (FCD). The experimental responses, namely, heat absorb, compressor work and coefficient of performance (COP). With three responses (n = 3) and six central point (n 0 = 6), the experiment requires 20 runs of experiments. These parameters are nominated at three levels; also, the statistical model table (with 20 runs) is defined based on the number of the parameters and their levels as discussed by Shirvan et al. [29] . The design matrix along with their corresponding points on fitted models based on RSM is summarized in Table 3 .
Analysis of data
The analysis of response data (heat absorb, compressor work and COP) by using analysis of variance (ANOVA) and response surface method were explained in the next subsection. The ANOVA is performed using Design Expert 
Heat absorb (Q L )
The model summary of quadratic model and the analysis of variance (ANOVA) for heat absorb is carried out and represented in Table 4 . The fit of the model was also articulated as the coefficient of determination R 2 as shown in Table 4 . The value point out 0.9488 (94.88%) of the variability in response that can be elucidated by the model for the heat absorb. The closer the R 2 value to 1, the better the models fits the experimental data [32] . Table 4 also shows the predicted R-squared value of 0.9076, which is in reasonable agreement with adjusted R-squared value of 0.9305 in which the difference between these values is less than 0.2 as desired. The adequate precision value for heat absorb is 28.839 as depicted in Table 4 where this parameter reflects the signal-to-noise ratio. A value greater than 4 is sought. In addition, the value achieved above 28.839 shows that it is an adequate signal and can be used 
where Q L is heat absorb (kJ kg -1 ), A is the speed (rpm), B is the refrigerant charge (g), and C is the volume concentration of SiO 2 /PAG nanolubricant (%). A positive sign of the coefficient in the equation reflects a synergistic outcome, while a negative sign indicates that it has an antagonistic effect toward the analyzed response [30] . The predicted value of Q L determined by Eq. (4) was adequately close to the experimental values.
Based on ANOVA, refrigerant charge shows a significant interaction effect with the rest of variables. The heat absorbs gradually decreased with the increment of refrigerant charge. This is mainly due to the reduction of the superheat as the increase of refrigerant charge [33] . The influence of refrigerant charge and volume concentration is shown in Fig. 5 . The curvatures of plots indicate the interaction between the variables as shown in Fig. 5 . At 0% volume concentration, the increasing of refrigerant charge effect has caused a significant decrease in heat absorb. Furthermore, increasing the volume concentration will reduce the rate of heat absorb decrement when refrigerant charge is increased. This can be seen at 0.10% volume concentration, where across the refrigerant charge, the heat absorb value is slowly decreasing.
Compressor work (W in )
The model summary of a quadratic model and the analysis of variance (ANOVA) for compressor work was carried out as presented in Table 5 . The coefficient of determination R 2 for compressor work was found to be 0.9909 as shown in Table 5 The value revealed 99.09% of the variability in response can be explained by the model. Furthermore, Table 5 shows the predicted R-squared value of 0.9826, which is in reasonable agreement with the adjusted Rsquared value of 0.9877. The adequate precision value for compressor work is 61.110 as shown in Table 5 which is greater than 4. As shown in Table 5 , the f value is 198.54 which shows that the model is significant. In terms of factors, speed (A), refrigerant charge (B), volume concentration (C) and a combination of AC and C 2 show significance with ''Prob [ f'' values of less than 0.05. Other combinations of factors models are not significant with ''Prob [ f'' values to be more than 0.100. Therefore, the compressor work is, W in ¼ f ðA; B; C; AC; C 2 Þ. Furthermore, for the ''lack of fit'' value for compressor work, Coefficient of performance Table 6 shows the ANOVA of coefficient of performance attained when SiO 2 /PAG nanolubricant is used in the compressor of AAC system. It summarizes the consequence of individual influences and their interactions fitted as a second-order quadratic model for coefficient of performance (COP). The model is developed for 95% confidence level with suitable model reduction. The model f value for SiO 2 /PAG nanolubricant is 275.05. The p value of \ 0.0001 means that the model is significant with negligible influence of noise for SiO 2 /PAG nanolubricant. From the further assessment of f and p values, it can be seen that factor C (volume concentration) has the most significant effect on COP. It was followed by factor A (speed) and finally factor B (refrigerant charge) with less significance compared to other factors. The combinations of different factors also show no significance as depicted in Table 6 . Nevertheless, the squared factors of speed (A 2 ) and concentration (C 2 ) show that the model is significant. Therefore, the coefficient of performance, COP ¼ f ðA; B; C; A 2 ; C 2 Þ. The statistical accuracy is also been examined to make certain the predictive power of the model, which is shown in Table 6 . The estimated R 2 value for COP is 0.9932 for SiO 2 /PAG nanolubricant. This implies that the adequate representation (99.32%) of the actual relationships among the various experimental factors for the model. Adequate precision which quantifies signalto-noise ratio is found to be 67.386 as shown in Table 6 . This value reaffirms the accuracy of the model since the ratio is greater than 4. Hence, this model can be employed to navigate the design space. Table 6 also shows the predicted R-squared value of 0.9853, which is in reasonable agreement with adjusted R-squared value of 0.9907 in which the difference between these values is less than 0.2 as desired.
The developed quadratic model of the coefficient of performance (COP) as fitted based on RSM in terms of the experimental factors corresponded to Eq. (6). The predicted value of COP determined by Eq. (6) 
The interactions of speed, refrigeration charge and volume concentrations affecting the coefficient of performance (COP) are shown in Fig. 7 . Although there is curvature shown at an actual speed of 1500 rpm, the influence of volume concentration and refrigerant charge on the coefficient of performance (COP) shows less significance. Further, the influence of refrigerant charge and speed on COP shown the influence of these two factors showed less significance on COP. Interestingly, a significant relationship between speed and volume concentration influence on COP is observed in Fig. 7 . Initially, at low speed (900 rpm), the increment of volume concentration shows a small effect on the rate of change of COP. Furthermore, the rate of change of COP becomes more significant by increasing the compressor speed. As shown in Fig. 7b for contour graph, the optimum COP becomes narrower at high speed and it is between 0.06 and 0.07% of volume concentration.
Optimization
Referring to Table 3 , the best experimental results for each response (heat absorb, compressor work and coefficient of performance) were at run no. 11 and run no. 13, respectively. Unfortunately, these data show only the best result for each individual response. For example, experimental run no. 13 gives the best result for heat absorb which is 194.17 kJ kg -1 , but it is not applicable for compressor work (24.5 kJ kg -1 ) and coefficient of performance (7.93). Hence, a desirability investigation was carried out in order to identify the optimal conditions by considering all responses. Using design expert software, numerical optimization was executed to find the design space by employing the mathematical models to identify the factor settings that suit the defined targets. The target for speed, refrigerant charge and volume concentration is set as ''in range'' which stated a range for tolerable variable within upper and lower limit. The target for heat absorb and coefficient of performance (COP) is set as ''Maximize'' which sets the upper limit as desired best result while compressor work is set as ''Minimize'' which sets the lower limit as desired best result. The optimization investigation was carried out based on desirability analysis. The total desirability (D) is the geometric (multiplicative) mean of all individual desirability ranging from 0 (least) to 1 (most). The best combination of parameters was chosen based on the highest desirability value as shown in Table 7 . The highest desirability value is 0.734 which reflected the maximum heat absorb and coefficient of performance (COP) and minimum value of compressor work as depicted in Fig. 8 . The predicted results of desirability were then validated through experiments as depicted in Table 8 . From Table 8 , it can be concluded that the predicted result with certain desirability is compared. These are the outcome of the optimum conditions taking into account all responses. The results show a close agreement between the predicted and experimental results with a maximum error of 3.69%.
Conclusions
The optimization of operating parameters for an automotive air-conditioning system (AAC) was performed in the present work by varying the compressor speed, refrigerant charge and volume concentration of SiO 2 /PAG nanolubricant. The design of experiments (DOE) based on response surface methodology (RSM) was helpful in designing the experiment and the statistical analysis in order to distinguish the significant variables which will contribute to the coefficient of performance of AAC system. This design of experiment drastically reduced the time required by reducing the number of experiments to be carried out and represent statistically proven models for all the responses. 
